Abstract-The mains current in an ac/dc converter contains periodic current pulses, due to the action of the rectifier and the output buffer capacitor. The high current peaks cause harmonic distortion of the supply current and low power factor. Introducing active power factor correction in the form of a boost pre-regulator can reduce the level of harmonics. Passive power factor correction in the form of an input filter inductor is less expensive but the component is bulky because it must be sized to handle the full power range of the supply. This paper investigates the use of variable inductance (the inductance varies with current), which provides adequate harmonic reduction. Three types of inductors are investigated: an inductor with a fixed air-gap operating with a saturated core, a swinging inductor which has a stepped gap and a novel inductor construction with a sloped air-gap (SAG). Results are presented for a 200W power supply and it is shown that the SAG inductor has the best performance in terms of harmonic response and size.
I. INTRODUCTION
T HE FULL wave bridge rectifier in an ac/dc converter contains a buffer capacitor to reduce output voltage ripple and to increase the hold up time of the dc supply. The presence of the capacitor forces the input current to be drawn in narrow high peak pulses. The resulting distorted input current waveform is rich in odd harmonics, and the input power factor is very poor. Harmonic filtering to improve the input power factor may be implemented by adding a boost pre-regulator to the input [1] .
This form of active power factor correction is very effective, but it is very expensive to implement. Passive power factor correction is achieved by adding a filter inductor. The filter inductor must be designed to handle the entire power range of the supply, which normally means a large bulky component, which greatly increases the overall volume of the power supply. This paper proposes a variable inductor, whose inductance varies with current, to implement power factor correction. Since the value of the inductance varies with current, the solution is quasiactive in so far as the inductor responds to load changes. Three types of variable inductors are investigated: an inductor with an air-gap of fixed length with it's core operating in the saturated flux region, an inductor with a stepped air-gap known as a swinging inductor and a new inductor construction proposed by the authors, with a sloped air-gap (SAG inductor) [2] , [3] .
An inductor with an air-gap of fixed length and operated so that the flux density in the core is below the saturation value, has a fixed value of inductance determined by the length of the air-gap. When the current is increased to the point where the flux density enters the saturation region, the increased reluctance of the core reduces the overall inductance.
The swinging inductor has a stepped air-gap. The core may be considered to have two parallel reluctance paths, each path having two reluctances in series, the core and the gap. As the current increases the path containing the smaller gap reaches saturation first and the increased reluctance reduces the overall inductance. This device has been employed for voltage regulation in rectifier circuits [4] .
The sloped air-gap (SAG) inductor operates on the same principle as the swinging inductor. The air-gap increases from its minimum value to its maximum value in a graded slope rather than in a discrete step. This means that the variation in inductance with current is more gradual and it will be shown in the paper that the gradual characteristic of the SAG inductor is more suitable for power factor correction than the abrupt transition afforded by the swinging inductor. Furthermore, it will be shown that the SAG inductor is 65% smaller by volume than the conventional inductor for power factor correction.
Experimental compared with circuit simulations and finite elements analysis (FEA) to validate the underlying theory presented in the paper.
II. PASSIVE POWER FACTOR CORRECTION
A typical ac/dc converter with an output buffer capacitor and a passive inductor for power factor correction is shown in Fig. 1 .
represents the input power to a second dc-dc converter stage. It may be shown that the output voltage ripple and the hold up time of the circuit are determined by the time constant of the capacitor and load resistance.
When the output voltage ripple is less than 10% of the peak dc output voltage, approximate analysis [5] shows that (1) where is the mains period, is the peak value of the input voltage and is the output voltage ripple. The value of the capacitance is proportional to the output power. For %, the hold-up time for a drop of 20% in the output voltage is approximately equal to or 20 ms in the case of a 50 Hz supply. Equation (1) shows that the filter inductor plays no role in the output voltage ripple and hold up time (for discontinuous conduction), however, it does determine the rectifier line current harmonics and power factor. Limits for harmonic levels in the mains current are specified in the international standard EN61000-3-2 and are listed in Table I for class D equipment which covers rectifier circuits used in TV's and computer equipment. The standard does not require the power supply to meet the limits over the entire power range. However, every customer will operate a standard power supply at a different power level. The nominal power of the end users equipment can be anywhere from 25% to 100% of the maximum rating of the power supply. The paper assumes that the power supply is designed to meet the limits between 75 W and the maximum power rating.
The circuit in Fig. 1 was simulated using [6] and the results were verified with PSPICE. The input was 220 V at 50 Hz and the capacitance was chosen for 10% output ripple. was selected so that the limits in Table I were not exceeded. The simulations where carried out for the output load range from 75 W to 600 W. The values of and and the peak value of the input current are listed in Table II. The capacitance values, predicted by the approximate formula in (1), are higher than the exact values in Table II . In practice is largely independent of . Evidently, the required value of is a function of the current flowing through it. The variation of filter inductance with load is illustrated in Fig. 2 .
A conventional inductor, which would ensure compliance to the harmonic limits for a power range of 100 to 600 W, would have a value of 50 mH. At 600 W the 50 mH inductor would carry a peak current of 6 A, the stored energy in the inductor would be 900 mJ.
An inductor with an inductance versus current characteristics shown in Fig. 2 would have its maximum stored energy at 600 W, i.e., 10 mH at 8.2 A, which represents a stored energy of 320 mJ. The size of an inductor is directly proportional to its energy storage, so that the variable inductor would occupy 35% of the volume of a conventional inductor.
The voltage across an inductor is related to its flux linkage and this in turn is related to the current, the dependence of the inductance on its current must be taken into account (2) in (2) is readily found from the characteristic of the inductor. The versus current characteristic is more insightful.
The inductance versus current characteristics of the three inductors under investigation are described in the next section.
III. VARIABLE INDUCTORS
The relationship between the shape of the characteristic and the generation of harmonics is not immediately obvious and is best explained by a simplified analysis.
Consider the circuit shown in Fig. 3 (a) which has a variable inductance driven by a sinusoidal voltage source. The inductance characteristic is shown in Fig. 3(b) and is (3) and the effective inductance is (4) The solution for the current in the circuit is straightforward and is given by (5) where , and is the peak current for constant inductance . is illustrated in Fig. 4(a) for several values of .
As the peak current in the circuit approaches , the harmonic content increases as illustrated in Fig. 4(b) , (values shown are normalized to the fundamental in each case). The Fourier series for is given by (6) where and are hypergeometric functions of type (2,1) and (3,2) respectively and is a binomial coefficient. This may be simplified for to yield which clearly show the dependency of the harmonics on . Adopting the conventional definition of total harmonic distortion (THD) (7) where is the amplitude of the th harmonic, the severity of the harmonic problem is illustrated in Fig. 5 , particularly as the peak current , in the circuit approaches , i.e., . It is clear from the above analysis, that the effectiveness of the variable inductance in reducing unwanted harmonics is determined by the relationship between the peak current in the circuit and , which is a property of the inductor.
A. Saturated Core Inductors
The inductance of a gapped core is normally dominated by the air-gap. The overall inductance consists of the core and the air-gap 
where . Evidently, when the inductance is dominated by the gap. Increased current means increased magnetic field intensity and a drop in . In saturation, decreases toward and the value of inductance falls. The manufacturer normally supplies the variation of relative permeability with magnetic field intensity in graphical form. An empirical relationship may be established in the following form, which is amenable to analysis in predicting inductance as a function of current (12) and are constant. For M530-50 material, which will be used later for experimental validation, the relevant constants are A/m A/m. The empirical curve is compared with the actual data in Fig. 6 . At very low values of (and current), is smaller, however, this is not important, since the values of current are very small.
We shall see later that for the cores described in this paper, is of the order of 100, so that the region of the curve above 2000 A/m would have an impact on the inductance as indicated by (11).
Invoking Amperes law far a gapped inductor with current
Noting that and using the empirical relationship in (12) yields a quadratic equation for (14) Equation (14) is a quadratic equation of the form . Solving for in (14) and substituting into (11) yields the desired value of inductance.
The effective inductance described in (2) may be calculated as The approach is best illustrated by an example. An EI42/IEC YEI 1-14 inductor with M530-50 material (Waasner Germany) was constructed with mm, cm, cm and , and are shown in Fig. 7 for the current range 1 to 4 A.
The low current asymptotic value of inductance ( in Fig. 7) is determined solely by the air-gap, as indicated by (11) with , this value is 68 mH to meet the harmonic requirements at 75 W as indicated in Table II . The inductance is reduced to 80% of where , substituting this result into (14) and assuming yields the roll off current (18) For the example above, A. At low values of current and coincide as expected. Once saturation sets in, the shape of the characteristic is largely determined by the characteristic of the core material. The characteristic versus curve maybe be further modified or controlled by introducing a stepped air-gap, whereby one or more gaps are operating under saturation. This type of inductor is called a swinging inductor and it is described in the next section.
B. Swinging Inductor
The swinging inductor has a two-stepped air-gap as shown in Fig. 8 .
The overall inductance is (19) where is the reluctance of the gap for step 1 and likewise for step 2. may be considered the series combination of two gapped inductances, with the core divided into two sections. The analysis of the saturated core inductor in above may be applied to each step.
The IEC YEI1-14 inductor, with M530-50 material was constructed with mm cm , mm, cm , cm and turns. and are shown in Fig. 9 for the current range 1 to 4 A.
The low current asymptotic value of inductance ( in Fig. 9 ) is given by (19) with and . It is straightforward to establish the roll off current in this case, by adopting the approach in , is given by (18) with [5/4] replaced by and yielding 2 A. Before the onset of saturation in the larger gap, the overall inductance is determined by the relative permeability of the material ( ) and the larger air-gap ( ). Evidently, the designer has additional control over the characteristic by judicious selection of and , it seems logical then to introduce an infinite number of gaps or a sloped air-gap as described in the next section.
C. SAG Inductor
The inductor with a sloped air-gap is illustrated in Fig. 10 .
Neglecting fringing, the flux linkage in the element (assuming ) is (20) where is the length of the air-gap at , given by (21) The flux linkage between and is (22) The total flux linkage is found, by performing the integration (22) with , the total inductance is (23) This is the total inductance before any part of the core becomes saturated. Saturation effects may be treated in the same manner described in Section A. Consider again the element , apply Amperes law (13) with replaced by , (14) applies with (24) The inductance of the element is
The total inductance is obtained by integrating (25) between and . This cannot be achieved analytically since must be obtained from (24). The core must be discretized into elements (normally elements suffice). The total inductance is then (26) For equal elements is obtained from (24). The IEC YEI 1-14 inductor with M530-50 material was constructed with mm, mm, cm, cm and turns. and are shown in Fig. 11 .
The shape of the graph in this case is controlled by the sloped gap, which means that we can achieve the ideal characteristic of Fig. 2 , by controlling the geometry of the gap. The low current asymptotic value of inductance ( in Fig. 11 ) is given by (23). The SAG inductor was modeled using finite element analysis and the results are compared with the calculations in 11 . The difference is most salient at low current and they converge at higher currents. At low currents there is no saturation and the flux distribution shows that the flux is bunched toward the smaller gap, thereby increasing the overall inductance. At the higher currents, the core is deeply saturated and the flux is evenly distributed across the gap, validating the assumption made in the calculations above.
All three inductors have in the order of 68 mH. In terms of our simplified analysis, while the characteristic is not linear, the notional values of from Figs. 7, 9, and 11 are 2.2 A, 3.0 A, and 3.5 A, respectively. The effectiveness of each inductor in meeting the harmonic limits in a 200 W power supply is investigated next.
IV. CIRCUIT SIMULATION
The circuit of Fig. 1 has been simulated for the purposes of evaluating the input current response for each the variable inductors described in Section III. The method of simulation is based on the electromagnetics transient program (EMTP) by Dommell [7] . The simulated circuit is shown in Fig. 12 . The series coil resistance, which has a damping effect on the input current, is included and for convenience, the rectified voltage is taken as the input.
The general solution for the three nodes in Fig. 12 , recognizing that there are no input currents at nodes 2 and 3, is (27) The details of and are described in the Appendix. The two quantities of interest are the input current and the output voltage . The circuit was simulated for V, F, , W and with the inductors described in Section III. The harmonic spectrum of the current waveform is obtained by the Fast Fourier Transform. The results are shown in Fig. 13 . The harmonic currents are normalized to the fundamental current in each case.
The results are best interpreted in terms our simplified analysis. In the case of the saturated inductor, the peak current in the circuit at 200 W (6.0 A) is much greater than (2.2 A), where the inductance is almost reduced to zero, the characteristic narrow peak gives rise to unacceptable harmonics. In the case of the swinging inductor the peak circuit (4.5 A) current again exceeds (3.0 A) and the higher harmonic limits are exceeded. Finally, in the case of the SAG inductor, the peak current in the circuit (3.0 A) is less than (3.5 A) and the harmonics are within the allowable limits.
V. EXPERIMENTAL VALIDATION
A switch mode power supply with a nominal input power of 200 W was designed to in accordance with the specifications of Section IV and shown in Fig. 14 . The test circuit incorporated a SAG inductor with the specifications described in Section III-C, it is on the right hand side in Fig. 14. The measurement of the input voltage and current is shown in Fig. 15(a) . The measured and calculated harmonics are shown in Fig. 15(b) . Evidently, the measured current has all the salient characteristics of the calculated current in Fig. 13(a) .
The slightly lower peak value of the measured current may be explained by the higher value of inductance due to fringing and bunching as explained in Section III-C. All the measured harmonics are below the limits and are close to the values predicted by the simulation. The harmonics were also measured at 75 W and were found to meet the limit requirements.
VI. CONCLUSION
This paper has demonstrated that an inductance characteristic, whereby the inductance falls off with increasing current, is suitable for power factor correction, and can save considerable space (up to 65%) and cost over a conventional inductor as employed in passivepowerfactorcorrection.Thedesiredcharacteristicmaybe achieved by saturating the core of a gapped inductor. The manner in which saturation takes place is determined by the geometry of theair-gap.Inaninductorwithafixed air-gap,thefall-off ininductance with increased current is largely determined by the permeabilitycharacteristicofthecorematerial.Introducingtwounequal gaps in a swinging inductor may control the saturation characteristic. This leads to an improvement by allowing one gap to saturatefirst, howeveroncethesecond gapsaturates,thecharacteristic is again determined by the permeability of the core material and problemsarisewithhigherorderharmonics.Ithasbeenshownthat the sloped air-gap (SAG) inductor has the most suitable characteristic to provide power factor correction which meets harmonic limits over a wide power range. This is achieved by allowing the geometry of the gap to control the gradual saturation of the core material in a quasiactive manner. The SAG inductor was experimentally validated with measurements on a 200 W power supply.
APPENDIX
The co-efficients in the admittance matrix are must be calculated at according to (15). The current sources are known from past history includes contribution from and , and since we are dealing with a constant power output, rather than a load resistor, this effect may be included
The initial conditions are
If results in a negative value, it is reset to zero and and are adjusted, since in reality the diodes block negative current at the output of the rectifier.
